High-resolution x-ray study of the nematic - smectic-A and smectic-A - smectic-C 

transitions in SSS-aerosil gels. 
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The effects of dispersed aerosil nanoparticles on two of the phase transitions of the thermotropic 
liquid crystal material 4-n-pentylphenylthiol-4'-n-octyloxybenzoate (855) have been studied using 
high-resolution x-ray diffraction techniques. The aerosils hydrogen bond together to form a gel 
which imposes a weak quenched disorder on the liquid crystal. The smectic-A fluctuations are well 
characterized by a two-component line shape representing thermal and random-field contributions. 
An elaboration on this line shape is required to describe the fluctuations in the smectic-C phase; 
specifically the effect of the tilt on the wave-vector dependence of the thermal fluctuations must 
be explicitly taken into account. Both the magnitude and the temperature dependence of the 
smectic-C tilt order parameter are observed to be unaffected by the disorder. This may be a 
consequence of the large bare smectic correlation length in the direction of modulation for this 
transition. These results show that the understanding developed for the nematic to smectic-A 
transition for octylcyanobiphenyl (8CB) and octyloxycyanobiphenyl (80CB) liquid crystals with 
quenched disorder can be extended to quite different materials and transitions. 

PACS numbers: 64.70.Md,61.30.Eb,61.10.-i 



I. INTRODUCTION 



The phase transition behavior of many thermotropic 
liquid crystals is quite well characterized pj making liq- 
uid crystals ideal materials for studying the effects of 
weak perturbations, including especially quenched ran- 
dom fields and interactions. In a recent series of pa- 
pers 0, El EJ @ > it has been shown that the nematic to 
smectic-A (N - SmA) transition in liquid crystal-aerosil 
dispersions is well described as a continuous symmetry 
(XY) transition with quenched random fields. This facil- 
itates studying this important class of transitions. Early 
calorimetric studies have shown a systematic variation 
in the critical fluctuations as the aerosil concentration 
increases. These experiments and accompanying theory 
have focused on the isotropic to nematic (I - N) and 
the N - SmA transitions 0, 0, 0, H, El ■ Here we present 
results on a substantially different material at the N - 
SmA transition and we present the first x-ray data for 



the smectic-A to smectic-C (SmA - SmC) transition for 
liquid crystal-aerosil dispersions. The SmA - SmC tran- 
sition for heptyloxybenzylidene(70.4)-aerosil dispersions 
has previously been investigated using ac-calorimetry ■ 
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4-n-pentylphenylthiol-4'-n-octyloxybenzoate (855) is a 
non-polar liquid crystal with a succession of ordered 
phases (Fig. At T^ A = 336.6 K a transition from 
the orientationally ordered N phase to the layered SmA 
phase occurs. For this particular liquid crystal the pre - 
transitional correlation volume is highly anisotropic |l(l . 
As we shall demonstrate in the present work, this gives 
rise to a strong asymmetry in the powder-averaged line 
shape observed with x-ray diffraction. This effect is 
enhanced by the relatively small fourth-order correc- 
tion to the correlation function in the transverse direc- 
tion. Thus, the spherically averaged smectic line shape 
is very different from that observed for materials such 
as octylcyanobiphenyl (8CB) and octyloxycyanobiphenyl 
(80CB). Consequently, this 855 study provides a test of 
the generality of the line-shape analysis used in Refs. Q 
and yl versus that used in Ref. As the temperature 
is lowered further, 855 exhibits a SmA - SmC transition 
(T AC = 329.3 K) where the molecules develop a tilt with 
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TABLE I: Characteristics of the aerosil gel structure and the SS^-aerosil transitions, ps is the mass of aerosil divided by the 
volume of liquid crystal; $ is the volume fraction of pores; £o = 2/aps is the mean aerosil pore size, where a is the specific 
silica area [g; £.^ A , £. r f A indicate the approximate SmA parallel and perpendicular correlation lengths close to the N - SmA 
pseudotransition [l4| and T%c is t ne SmA - SmC transition temperature. 
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respect to the layer normal. The tilt angle is the order 
parameter for this phase transition. The transitional be- 
havior has mean-field rather than critical characteristics 
albeit with an anomalously large sixth order term in the 
free energy |12| , which is typical for the Landau tricritical 
to mean-field crossovers observed for most SmA - SmC 
transitions [l3| . 

A liquid crystal is perturbed with weak-to- 
intermediate strength quenched disorder when aerosil 
particles are introduced. These particles are ~ 7nm 
diameter silica spheres with hydrophilic surfaces. When 
aerosil is dispersed in a liquid crystal, hydrogen bonds 
form between the aerosil particles creating a low density 
gel. On very long length scales the gel structure exhibits 
fractal correlations 6]; however, the gel has no particular 
correlations commensurate with the wave vector of the 
SmA structure and hence is effectively random for 
our purposes. Here we present high-resolution x-ray 
diffraction measurements for 85*5 samples containing 
a range of concentrations of aerosil particles. Both 
the SmA and SmC type liquid crystal correlations in 
these samples have been characterized as a function of 
temperature. 

Previous x-ray studies of the N - SmA transition in 
liquid crystal-aerosil dispersions demonstrated that the 
transition responded to the aerosil as though its principal 
effect was to apply a random field that pinned the phase 
of the density wave The static random-field fluc- 

tuations are more effective than thermal fluctuations at 
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FIG. 1: The chemical structure and phase sequence for bulk 
8S5. The transition temperatures are those given in Refs. 
and 0. 



destroying long-range smectic order, and this was evident 
in the development of the structure factor as a function 
of temperature and aerosil concentration. Here we wish 
to investigate whether the non-polar 8S5 is less strongly 
perturbed than the polar cyano materials 8CB and 80CB 
were. In addition, the tilt order parameter at the mean- 
field SmA - SmC transition couples to the aerosil in a 
different manner than the SmA order parameter. 

Section ITT1 describes the experimental techniques used 
to make and study the samples. In Section ITTT1 the anal- 
ysis protocol is outlined and the data and model param- 
eters are presented. Finally in Section llVI we draw con- 
clusions from our measurements. 



II. EXPERIMENTAL TECHNIQUES 

The 85*5 was synthesized at Kent State University and 
the transition temperatures were observed to be close to 
those previously recorded for the bulk material 0, 
The aerosil particles (hydrophilic type-300) were pro- 
vided by Degussa and were dried prior to sample prepara- 
tion. The aerosil concentration was characterized by ps, 
the mass of aerosil divided by the volume of liquid crystal. 
Samples with p s = 0.0,0.025,0.039,0.073,0.096,0.220, 
and 0.350 g cm" 3 were prepared (we drop the units here- 
after). The corresponding pore volume fractions and 
mean pore sizes are given m Table U As with previ- 
ous studies of 80CB-aerosil dispersions it was neces- 
sary to avoid crystallization of the 855 samples prior to 
measurement since this results in phase separation. The 
aerosil particles were dispersed in a solution of 855 in 
spectroscopic grade acetone; the system was then soni- 
cated and kept well above the crystallization tempera- 
ture until the measurements were performed. The x-ray 
studies were undertaken once the acetone solvent had 
been evaporated. The sample environment and exper- 
imental geometry have been described in detail previ- 
ously ||- The studies were made using 8keV x-rays at 
the X20A beam line at the National Synchrotron Light 
Source. Of great interest here was the asymmetry of the 
smectic scattering peak and its evolution with tempera- 
ture and disorder strength. To insure that the observed 
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FIG. 2: (a-e) The x-ray intensity versus wave-vector transfer 
with decreasing temperature for a 8S5-aerosil dispersion with 
ps = 0.096 g cm -3 . Panels (a-c) show the asymmetric line 
shape typical of SmA fluctuations in 8S5. The pseudotransi- 
tion into the short-range SmC state occurs at a temperature 
just below that for panel (c). The solid lines are the results 
of fits described in the text. 



effects were due to the sample and not the instrumen- 
tal resolution, measurements were made at both positive 
and negative scattering angles. As with previous stud- 
ies, the number of scans was kept limited to avoid undue 
radiation damage to the sample. The results obtained in 
the N, SmA, and SmC regimes are reported below. 



III. RESULTS AND ANALYSIS 

Figure |21 shows a succession of scans of 8S*5 with 
ps = 0.096 as the temperature is decreased. At high 
temperatures in the nematic phase (Fig. Ufa)) there is a 
broad peak corresponding to short range pretransitional 
SmA fluctuations. The observed powder average has a 
characteristic asymmetry. On reducing the temperature 
the correlated regions grow in size as indicated by the 
narrower line profile (Fig. Hfb)). Unlike bulk 85*5, the 
liquid crystal enters a SmA state with a finite correla- 
tion volume. Further cooling takes the sample toward 
the SmC state. Prior to the onset of the molecular tilt, 
the peak begins to broaden (Fig. Etc)). As the sample 
enters the SmC regime the peak moves to higher wave 
vectors and begins to narrow (Fig. |2fd)). At the lowest 
temperatures studied, the angle of molecular tilt exceeds 
20° while the line-shape asymmetry is reversed compared 
to that in the SmA phase (Fig. EJe)) . The solid lines in 
Fig. |21 are the results of fits to a model to be described 




0.22 0.225 0.23 
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FIG. 3: The x-ray intensity in reciprocal space for a 8S5- 
aerosil dispersion with ps = 0.22 g cm" 3 at two temperatures 
in the SmA regime. The full line is the result of a fit involving 
the powder average of Eq. Q to the data. The broken line 
represents only the second term corresponding to the random- 
field fluctuations. The random-field contribution increases 
with decreasing temperature yielding a characteristic change 
in the observed line shape. 



below. 

In keeping with previous studies of the N-SmA transi- 
tion in liquid crystal - aerosil dispersions 0, 0] , the line 
shape has been taken to be composed of two terms: the 
first is based on the line shape for the SmA thermal fluc- 
tuations in the pure liquid crystal and the second is the 
same line shape squared, which corresponds to the con- 
tribution of static random-field fluctuations. The latter 
are caused by the randomly positioned aerosil surfaces 
pinning the phase of the density wave. The results of 
fits in Fig. Efa-c) and in Fig. |2| show that this line shape 
describes the data in the SmA region very well. The full 
expression is 



Sna(<1) 



22 



(1) 



which is powder averaged and convoluted with the mea- 
sured resolution function. In Eq. |Tjl. o\ and 02 are the 
amplitudes of the thermal and random-field terms respec- 
tively; £|| and £j_ are the correlation lengths parallel and 
perpendicular to the layer normal; likewise qu and q± are 
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FIG. 4: The parallel correlation length, £y , for SmA order 
as a function of temperature as a result of fits of Eq. Q to 
the data. The effective transition temperature TXc i s defined 
in the text related to Fig. and the values are listed in Ta- 
ble U Note that for the pure 8S5 material used in this work 
T% A -T%o = 7K, and the T NA — TXc value for all 8S5-aerosil 
samples is expected to have almost the same value 0. 



temperatures the behavior in the SmA regime is qualita- 
tively very different from that observed for 8CB-aerosil 
and 80CB-aerosil systems 0, H| ■ The size of the corre- 
lated SmA regions in a given SS'S-aerosil sample decrease 
markedly as the temperature is lowered toward the SmA 
- SmC transition whereas £|| is roughly independent of 
temperature in the SmA region for the materials with no 
SmC phase HQ. Close to the SmA-SmC transition there 
is a tilt instability which can be induced by compression 
and this may make the liquid crystal less resistant to the 
disordered environment |15|. 

Figure [S] illustrates the low temperature line shape for 
the finite range SmC ordered state when ps = 0.073. 
The asymmetry is pronounced and is different from that 
observed when the structure factor has SmA character. 
The solid line in Fig. 02a) is the result of a fit of the 
data to the model given in Eq. Q). This model does 
not describe the line shape at all well. The solid line in 
Fig. |5{b) is the result of a fit using the SmC structure 
factor as the basis for the two component line shape. 
The SmC structure factor is taken from studies of the 
pretransitional N-SmC fluctuations in 7S5-8S5 mixtures, 



the components of the wave vector q; gjj is the peak posi- 
tion and c is the coefficient of the fourth order correction 
term. The amplitude of the random-field term increases 
as the temperature is reduced (Fig.|3|). 

As with previous studies 0, 0, Q , it is assumed that 
the dependence of £j_ and c on £|| remains the same in the 
aerosil samples as it is in the pure materials. It should 
be noted that the asymmetric line shape is a consequence 
of powder averaging Eq. Q for a highly anisotropic cor- 
relation volume together with a small value for c in 8S*5 
which, in turn, means that there are long tails in the 
transverse direction. This 855 line shape cannot be re- 
produced using the approximation scheme described in 
Ref. 0| which does not incorporate explicitly the bulk 
liquid crystal structure factor. Figure0]shows the parallel 
correlation length, £||, values extracted from the fits. At 
high temperatures the short-ranged smectic correlations 
develop in the nematic phase in a similar manner to that 
in pure 85*5 and to other liquid crystal-aerosil gels. At 
temperatures below the bulk N - SmA transition temper- 
ature the behavior differs from that of the pure material. 
Estimates of the correlation lengths parallel and perpen- 
dicular to the layer normal close to the N - SmA pseu- 
dotransition ^4| are listed for each sample in Table [I] 
The parallel correlation lengths are very much greater 
than those for 8CB-aerosil |2, Q and 80CB-aerosil at 
the same ps values. These correlation lengths are very 
long compared to the size of the pores, more than ten 
times longer for most samples. The highly anisotropic 
correlation volume is evident from the perpendicular cor- 
relation length values. These values are comparatively 
short, roughly half the mean pore size (TableHJ). At lower 
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FIG. 5: The line shape for a sample with ps = 0.073 g cm 
at T = 321.5 K < T\ c . The solid line in (a) shows the result 
of a fit to a powder average of the SmA form given by Eq. Q 
and that in (b) shows the result of a fit to a powder average 
of the SmC line shape given by Eq. . 
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the so called Chen-Lubensky structure factor [l6[ : 

cri 



^Ac(q) 



l + q(q\\-qp 2 -U p ql + V p qi 

<72 

4 12 



[l + eM\\-qW-U p ql + V p q\ 



(2) 



with U p ,V p > 0. This is identical to Eq. (JIJ except that 
the coefficient of the q\ term is assumed to be negative. 
Since the line shape and the peak position have quite 
different responses to the porous environment it is more 
convenient to restate this structure factor displaying ex- 
plicitly the component of the peak position perpendicular 
to the long-axis of the molecules, g^: 



Sac{<\) 



l + q(q\\-q^ + Dl{ql-{qlYY 
c 2 

212 



(3) 



This is seen to give a good account of the data in Fig. 
and Fig. 0d & e). The best fit between this structure 
factor and the data was found by varying the thermal 
amplitude <j\, the random-field amplitude cr 2l the par- 
allel correlation length the perpendicular parameter 
D p , and the peak position q c = y/((q?i ) 2 + (<?° ) 2 ) = 2n/d c . 
The two components, = q c cos<p and = q c sin<p 
were determined using the previously determined rela- 
tionship |l7j between the tilt angle, <fr, and the layer spac- 
ing in the SmA phase, d a , that is <j> = 1.2-^/(2(1 — d c /d a )). 

The SmA-SmC transition in 8S*5 is a mean-field tran- 
sition with the tilt angle as the order parameter [l7| . 
Hence the pretransitional fluctuations are weak in the 
pure material. Figure El shows the tilt angle, as a func- 
tion of temperature, for the full range of disorder strength 
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FIG. 6: Temperature dependence (and ps independence) 
of the molecular tilt angle with respect to the layer normal 
below TXc- The data for bulk 8S5 is taken from Ref. \vj\. 
The values of the effective transition temperatures are given 
in Table □ 
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FIG. 7: (a) Correlation volume for SmC order as a function 
of temperature as a result of fits of Eq. to the data, (b) 
The ratio of the amplitude of the random-field term, a,2, to 
the thermal term, <xi. 



studied. The tilt angle was determined from the SmC 
peak position, q c . The effective transition temperature, 
T\ c , was found by fitting the Landau-Ginzburg tricriti- 
cal model to the temperature dependence of the tilt 
angle. When plotted versus T — T^ c , the tilt angles for 
all samples collapse onto a single curve (Fig. [HJ - The ro- 
bustness of <j) in gels suggests that, while the disorder may 
be coupling to the position and presumably the orienta- 
tion of the smectic layers, it is not strongly affecting the 
molecular orientations ■ Figure shows parameters 
extracted from the fits of Eq. J2J to the data acquired 
below T\ c . Only results for low ps are presented. In 
Fig. 0a) the correlation volume, £\\D P , is shown as a 
function of temperature in the SmC region. Increasing 
the aerosil concentration progressively decreases the ex- 
tent of the SmC correlations. For higher ps the line shape 
becomes distorted as will be described below. In Fig. [7(b) 
the ratio of the random field to thermal amplitudes is pre- 
sented in the form a 2 /<7i, where ai = 02/£,\\D p . The ratio 
o-i 1 0i is independent of normalization and is predicted to 
have a power law dependence on ps . Increasing aerosil 
concentration gives rise to a larger random-field contri- 
bution to the structure factor. Note that both Figs. Efa) 
and0b) show ps dependence for temperatures just be- 
low T\ c that diminishes at lower temperatures. The low 
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FIG. 8: (a) Distorted line shape in the SmC regime at low 
temperature and high ps- The solid line is the result of a fit 
of Eq. Q to these data, (b) The result of subtracting the 
fit values from the data points given in part (a). The arrows 
indicate the positions of the SmA, q a , and SmC, q c , peaks 
respectively. 



temperature behavior could be an early symptom of the 
distortion that becomes clear for the higher density sam- 
ples. 

Table U lists the SmA-SmC transition temperatures as 
a function of ps- There is an initial sharp drop followed 
by a recovery. This effect is not understood, but quali- 
tatively similar variations have been observed at N-SmA 
and N-I transitions in other liquid crystal-aerosil gels . 

For the highest densities of aerosils and the lowest tem- 
peratures the peak shape corresponding to SmC fluctu- 
ations becomes distorted. A shoulder develops on the 
low tilt angle side of the reflection peak, as shown in 
Fig. OJa). The shoulder becomes more pronounced as 
the temperature is reduced and as ps is increased. Fig- 
ure[H{b) shows the result of subtracting the result of a fit 
(solid line Fig. IBta)) from the data. A peak is observed 
which falls between the SmA peak position q a = gjj and 
the SmC peak position q c . This behavior indicates that 
a minority of regions become fixed at lower tilt angles. 



IV. CONCLUSIONS 

X-ray diffraction results have been presented for 85*5 
aerosil dispersions over the temperature range for which 
the bulk liquid crystal has N-SmA and SmA-SmC tran- 
sitions. The gel of aerosil particles is observed to destroy 
the SmA and SmC phases in the sense that the ordered 
states becomes short ranged. Both the short-range or- 
der SmA and SmC structure factors are well described 
by a model assuming random fields. The correct ther- 
mal fluctuation structure factor has to be used as the 
thermal term and its square as the random-field term. 
Estimates at low p$ and more accurate values for high 
ps 01 indicate that the correlation lengths paral- 
lel to the layer normal, are very long compared to those 
of 8CB and 80CB for the same pore sizes. This sug- 
gests that the non-polar molecule experiences a weaker 
pinning field than the polar materials do. The highly 
anisotropic correlation volume for this material makes 
the fitting procedure simpler. It also makes clear that the 
two-Lorentzian model used by Bellini and coworkers [TT| 
cannot be applied in this case. That the two component 
line shape gives a good account of data for the SmA - 
SmC transition in 8S'5-aerosil gels is intriguing. 

For other liquid crystal-aerosil gels exhibiting N - SmA 
transitions, it has been possible to make detailed compar- 
isons with theoretical models. For 8CB-aerosil HJ. y . [| 
and 80CB-aerosil yj, the parameters extracted from the 
line shape compared favorably with the predictions of 
Ref. [jjj , giving the appearance that the gel applies a 
random field which pins the phase of the smectic density 
wave. The low temperature behavior of the correlation 
length, due to enhanced anomalous elasticity, predicted 
by Ref. has not been observed for LC-aerosil gels. In 
85*5, the SmA regime appears to be strongly affected by 
the impending SmA - SmC transition. The correlation 
length is never constant, as for a random- fields model, 
or, increasing on cooling as predicted for anomalous elas- 
ticity. Currently there are no theoretical predictions for 
the effects of a porous random environment on the SmA 
- SmC transition. 

The SmA-SmC tilt (order parameter) behavior is pre- 
served almost unmodified in the aerosil samples. This 
suggests that any effect that the aerosils may have on 
the molecular orientations has little consequence for the 
transition and that this is true even for quite high aerosil 
concentrations. The bare correlation volume for SmA 
materials exhibiting a SmC phase can be estimated from 
the elastic properties of the material and is typically 
(70 A) 3 [nl. For the aspect ratio of the 8S5 molecule 
this is likely to imply a bare correlation length parallel 
to the molecule of close to ten molecular lengths. This 
long-range of interaction is highly likely to minimize the 
influence of random disorder. If some small fraction of 
the molecules are forced to point in uncorrelated random 
directions they will tend to have no net effect: the large 
bare correlation length implies an averaging over the dis- 
order. For high ps, the appearance of correlations peaked 
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at a wave vector mid- way between those of the SmA and 
SmC phases indicates that small regions of the sample 
become stuck at a lower tilt angle. 
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